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ABSTRACT 
An ab initio study of several compounds candidates to behave as intermediate band 
materials is presented. The use of these materials as the active element in solar cells is a 
promising way to enhance the photovoltaic efficiency. Indeed from this point of view, most 
interesting compounds are those whose host semiconductor presents a band-gap close to the 
optimum value of 2 eV. Chalcogenide compounds substituted by light transition metals are solid 
candidates to this end. While they are being further characterized and experimentally 
synthesized, another approach is being examined. It consists of using Si as host semiconductor. 
Ti implantation at concentrations several orders of magnitude above equilibrium solubility has 
shown a probable intermediate band material behavior, the origin of the intermediate band being 
related to levels of interstitial Ti. Optoelectronic characterization of this material is completed. A 
novel possibility consists of combining chalcogen S implantation with boron. In this case 
preliminary results of electronic structure are shown. 
INTRODUCTION 
Intermediate band solar cell concept [1] is enclosed in the so-called third generation of solar 
cells. It is based on the electronic structure of the absorber material, which presents a narrow, 
partially-filled intermediate band. This band helps to enhance the photocurrent with regards to a 
host semiconductor, but leaving unchanged the photovoltage. The additional photocarriers are 
generated in a double-step process involving the intermediate band due to photons with energies 
below band-gap can be used to pump electrons from valence band to the intermediate band or 
from the latter to the conduction band. 
A number of materials with substitution of atoms by transition metals have been proposed in 
past years [2-5]. Chalcogenide-derived compounds are particularly interesting today due to their 
use as thin-film materials in the photovoltaic area. Furthermore, use of thin-film techniques 
would allow for these materials to reduce the costs of the solar cell. Experimental measurements 
of defective thiospinel M2S3 with replacement of In by transition metals [6] have shown the 
characteristic triple absorption spectra predicted by quantum calculations [7]. Growth of larger 
samples for this compound and other chalcogenide-derived materials are underway. 
However materials based on Si have been proposed in order to achieve in a short-term an 
intermediate band solar cell with enhanced efficiency. Si implanted with Ti at concentrations 
close to 10 cm" was the first candidate [8]. The intermediate band was explained to be formed 
from the t2g type manifold of 3d electrons of Ti atoms placed in tetrahedral interstitials [9]. While 
optical characterization of the experimental samples has not been yet carried out, electrical 
measurements points towards an intermediate band formation [10]. 
In this communication further results of optical properties are carried out, in order to support 
the comparison with future experimental results. Besides, preliminary results of a possible 
candidate formed by combination of sulfur implantation and group IIIB elements, as B, are 
presented. 
 
THEORY 
 
Quantum calculations carried out in this study follow Density Functional Theory (DFT) 
[11,12] implemented in the plane-wave based VASP package[13,14]. Exchange-correlation 
potential was evaluated by means of the Generalized Gradient Approximation (GGA), 
parameterized through PW91 functional [15]. Projector Augmented Wave (PAW) potentials [16] 
were used in order to interpret the core electrons. Brillouin zone was sampled by a 4x4x4 
Monkhorst-Pack grid of k-points including Γ point in the calculations. 
Cells used in all the calculations are derived from a 3x3x3 supercell of conventional Si8 cell. 
In the case of Ti implanted Si, relaxation of ions and lattice was carried out until obtaining a 
tolerance of 0.01 eV/Ǻ. 
Optical properties were determined from the dielectric function which, in turn, was 
calculated through the Fermi’s golden rule, by carrying out a sum over independent transitions 
between Kohn-Sham states. Only direct transitions were taken into account. Calculations were 
carried out using the OPTICS code [17,18]. In order to achieve convergence over optical 
properties an 8x8x8 grid of reciprocal lattice was used and 800 bands were included. 
  
 
DISCUSSION  
 
Ti-implanted Si optical properties 
 
Donor-level found for Ti implanted Si has been theoretically related to a transition involving 
an intermediate band formed by t2g electrons of interstitial Ti [9]. However, no direct 
measurement of the intermediate band has been reported so far. 
In a previous work, absorption coefficient of TiiSi216 compound (therefore showing a Ti 
concentration in the order of magnitude of 1020 cm-3) was calculated from dielectric function and 
compared with that of bulk Si216 showing an enhancement across the solar spectrum [9]. 
Nevertheless, from the experimental point of view other magnitudes are preferred. A property 
that is usually obtained experimentally is reflectance (R) which is related with the refractive 
index (n) and the extinction coefficient (κ) through the formula: 
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However, as it can be seen in figure 1, the difference between reflectance of bulk Si216 and 
TiiSi216 is not significant. For this reason identifying an intermediate band focusing only on 
reflectance measurements seems a difficult task.  
 
 
Figure 1. Reflectance, transmittance, and absorptivity calculated for TiiSi216 (considering a 
sample thickness of 50 nm) and bulk Si216 (300 µm thickness). Density of states of the 
intermediate band material is shown in the inset. 
 
Conversely, transmittance is a feature more sensible to the Ti insertion. It can be written as: 
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Where α is the absorption coefficient, and d is the thickness of the absorber. In figure 1 a 
thickness of 50 nm of Ti-implanted material is used to reproduce the value assumed in the 
sample [10]. As a reference, a bulk Si thickness of 300 µm, usual in wafers, is also considered. It 
is worth mentioning that variation of the width of Si sample produces only minor changes in the 
properties represented in figure 1. Contrast between both transmittances is observed especially at 
low energies. 
Another clear differentiation between intermediate band material and semiconductor results 
corresponds to absorptivity of the sample, which is defined here as: 
 
21 dA e α−= −          (3) 
 
Indeed, calculated absorptivity of TiiSi216 for energies between 1 and 3 eV shows a value of 
0.3 approximately. It is well known that indirect transitions, at least for bulk Si, would produce a 
tail in the absorption at that energy range. Despite they are absent in the present calculations 
there is still another energy range below the indirect band-gap in which the intermediate band 
material would show a non-null absorptivity, conversely to the case of bulk Si. 
 
S-implanted Si and co-doped with B 
 
Electronic density of states of S-implanted Si with substitution of one Si atom by one S is 
represented in figure 2. Substitution is considered the most common configuration of S 
impurities in Si [19] and corresponds to SSi215 unit cell. This concentration level of 0.5% has 
been already achieved in the laboratory [20]. In figure 2 a scissor operator of 0.5 eV has been 
applied to the empty states in order to correct the well-known bandgap underestimation carried 
out in GGA calculations. As a result, a narrow band appears within the semiconductor energy 
band-gap. This band is originated from the replacement of a Si atom by sulfur and is completely 
occupied, which is linked with the double-donor character of this kind of impurity. For that 
reason a co-doping is suggested in order to reduce the electronic occupation of the band. 
 
 
Figure 2. Density of states of SSiSi215 compound. Upper (lower) part corresponds to majority 
(minority) spin states. Fermi level is located at zero energy in the figure. 
 
Calculation of the electronic structure for a co-doping of S with B over Si at a concentration 
of approximately 0.5% (that is, 2x1020 cm-3) has been carried out, using again the experimental 
lattice parameter of Si. Boron can also be introduced in Si at this degree of concentration in Si 
[21]. A homogeneous arrangement of dopants has been considered in the calculation. The 
resulting density of states is shown in figure 3. It can be seen a half-filled intermediate band 
located within the host-semiconductor band-gap. Although a correction for the underestimation 
of the semiconductor band-gap has not been considered in figure 3, that correction would not 
introduce a qualitative discrepancy but only would further increase the energetic difference 
between the bands. 
 
 Figure 3. Density of states of BSiSSiSi214 compound. 
  
Substitutional S is behaves as a deep double-donor in Si and when combined with the 
shallow-acceptor character of substitutional B, the additional hole of the latter is transferred to 
the band lying in the gap, therefore producing the intermediate band shown in figure 3. Although 
a deeper study is needed to improve the knowledge about BSiSSiSi214, this compound is a 
potential intermediate band material. 
 
CONCLUSIONS 
 
Optical properties susceptible of being measured experimentally for Si implanted with Ti 
occupying interstitials have been calculated and compared with those of bulk-Si. Whereas 
reflectance seems not to be a feature particularly useful to make a distinction between the 
intermediate band material and its parent semiconductor, both transmittance and absorptivity are 
expected to enhance the differences between these compounds. 
Additionally, preliminary calculations show an intermediate band in the electronic structure 
calculated for BSiSSiSi214. In order to get a deeper insight, an intensive study of this compound 
and other combinations of chalcogens and group IIIB elements substituting Si atoms is 
underway. 
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